Abstract: Edge-emission electroluminescence from waveguide Ge-on-Si pnn heterojunction diode structures is demonstrated. Selective growth of highly phosphorus doped Ge in oxide trenches shows promise as a design for electrically pumped laser on Si.
Introduction
Recent work has established the potential of n-type Ge as light emitting material for integrated Si photonic networks [1] [2] [3] [4] [5] . The introduction of tensile strain and n-type dopants increases the radiative efficiency of the direct bandgap transition, enabling room temperature operation of Ge LED's [5] [6] [7] , and optically pumped Ge lasers [5] . The realization of an electrically pumped Ge laser on Si has been hindered by the additional loss mechanisms associated with electrical injection, including scattering and absorption from the electrical contact structures surrounding the active Ge region. These additional losses require the development of higher doping levels, since the optical gain of Ge strongly depends on the number of activated dopants and is reduced by defects in the Ge crystal matrix [8] . Minimizing loss through waveguide and laser cavity design is also crucial to achieving a functioning electrically pumped laser.
Here we present edge-emission electroluminescence from a waveguide Ge pnn heterojunction diode, with an active region grown selectively within an oxide trench on Si, and with an n-type active dopant concentration in the Ge emitting layer of 5 × 10 18 cm -3 . Dopant concentrations as high as 3 × 10 19 cm -3 have been more recently achieved and devices are currently in fabrication. The design presented shows clear band gap shift while still maintaining a 0.2% strain in Ge lattice, which is the first observation of its kind.
Materials Preparation
Ge double heterojunction pnn diodes were prepared according to the design shown in Fig. 1 in a process similar to that presented in [15] . A p ++ Si wafer functions as both an epitaxial substrate and the p heterojunction contact of the diode. The substrate is oxidized and patterned to reveal selective regions for in-situ doped Ge growth in an UHVCVD reactor. The growth is performed in two stages. In the first stage, a thin layer of highly dislocated Ge is deposited at low temperature to accommodate for the 4.2% lattice mismatch with the substrate. The second stage of growth is performed at a higher temperature in the presence of phosphine, resulting in a fully relaxed layer of n-type Ge with a P concentration of 1 × 10 19 cm -3 and a low threading dislocation density. The n heterojunction contact of the diode was provided by an LPCVD a-Si layer, implanted with P and activated by rapid thermal anneal (RTA). After the top contact was patterned, the device was finished with Ti-Al metallization. A rectangular channel geometry was chosen, such that ideally the light emitting Ge would serve as a waveguide with oxide cladding on the sidewalls and Si cladding on the top and bottom. The final P concentration after device fabrication was 5 x 10 18 cm -3 , highlighting the materials sensitivity to high temperature processing, leading to P outdiffusion.
Characterization
Electroluminescence was measured using a multimode fiber coupled to an optical spectral analyzer. Since the waveguide design serves as a template for a diode laser, emission from the edge of a cleaved facet was of particular interest. Fig. 2 shows collected spectra as a function of increasing diode bias.
Fig. 2:
Electroluminescence spectra of edge emission from a cleaved pnn diode cross-section for various applied biases.
Significant electroluminescence was detected from these devices showing a significant red shift in the band gap. This shift can be attributed to an increase in temperature due to heating effects during electrical pumping [9] . Band gap narrowing can be ruled out since the doping concentration was below the concentration onset for band gap narrowing [10] . Furthermore, an increase in strain can be ruled out from XRD measurements. Compared to previous results reported in pin [6, 11] and pnn [7] heterostructures, we present the first clear evidence of a red band gap shift in Ge light emitting devices created by heating effects. The emission intensity of the diode increases superlinearly with respect to voltage owing to an indirect valley filling effect which scatters more electrons to the direct valley under injection. Fig. 3 shows a cross-section SEM of a device prior to metallization. A non-uniform current density throughout the waveguide most likely reduces performance of the LED, nevertheless, despite the small Ge cross section of 1um x 500nm, emission of the direct Ge bandgap is clearly observed. The processing steps for these devices have been modified to address increase in P doping and improved carrier injection. Currently, devices for electrical injection with P doping levels above 3 × 10 19 cm -3 are being fabricated.
Summary
Edge emission electroluminescence was demonstrated in waveguide pnn Ge heterojunction diode structures. Strong light emission from an edge-emitting LED is observed, featuring red shifted Ge direct bandgap emission at 1650nm. P concentrations above 3 × 10 19 cm -3 in single crystal Ge films have been recently achieved, and are currently being incorporated into new diode designs. We expect the improved material to show greatly improved emission efficiency and act as a suitable gain material for a Ge-on-Si electrically pumped laser.
